Introduction {#sec1}
============

Ovarian cancer (OC) is one severe gynecologic malignancy affecting the female reproductive system that is still listed as leading cause of cancer-related death worldwide, with an estimated 52,100 and 22,240 new cases each year in China and the USA, respectively.[@bib1] The pathogenesis of OC has been established as a landscape driven by serial genetic mutations such as TP53 (tumor protein p53), BRCA1 (breast cancer 1), and CCNE1 (cyclin E1), which were explored as targets for drug development.[@bib2] However, current clinical treatment has been greatly challenged by the emerging intrinsic and acquired resistances of OC to available chemotherapeutic agents during the past decades.[@bib3]^,^[@bib4] It is pressingly needed to fully understand the molecular mechanisms underlying OC development and progression, as well as the drug resistances of cancer cells. Hopefully, recent investigations revealed that epigenetic alterations performed critical roles in OC by regulating both the pathogenic processes and multi-drug resistances (MDRs),[@bib5]^,^[@bib6] which caused extensive concerns in the cancer research community.

Non-coding RNAs such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) have been characterized as essential players of epigenetic regulations in various biological and pathogenic processes in cancers.[@bib7]^,^[@bib8] For instance, the lncRNA ZFAS1 (zinc finger antisense 1), previously shown downregulated in breast cancer and regulated alveolar development and epithelial cell differentiation, has been differentially expressed and associated with many other cancer types such as hepatocellular carcinoma and OC.[@bib9] Moreover, the ZFAS1 expression was greatly elevated by cisplatin in OC cells and suggested its potential involvement in chemotherapy resistance, which deserves further investigation.[@bib10] In addition, miRNAs also exerted key regulatory effects in OC development.[@bib11] Two miRNAs, miR-548a-3p and miR-548c-3p, were specifically expressed in human oocytes,[@bib11] and the downregulation of miR-548c-3p in OC tissues was recently reported to closely associate with cancer cell proliferation, migration, and invasion.[@bib12] However, little is known about the expressional regulation and roles of other members of this miRNA family, such as miR-548a/e/az-3p (miR-548a/e/az), during OC pathogenesis. Bioinformatic analysis predicted miR-548a/e/az as potential targets of the lncRNA ZFAS1, which was not previously reported and might be an essential signaling axis driving OC development and drug resistance.

Chemokine receptor 4 (CXCR4) acted as a unique receptor of CXC chemokine ligand 12 (CXCL12) and performed key roles in cancer development and metastasis.[@bib13]^,^[@bib14] Early investigation has characterized CXCR4 as an independent prognostic factor for OC patients, as evidenced by its high expression in refractory and recurrent OC cases, which was closely correlated with lymph node metastasis.[@bib15] The CXCL12/CXCR4 axis was shown to be extensively involved in OC development by regulating cancer cell proliferation, migration, invasion, and metastasis, as well as the myeloid-derived suppressor cell accumulation in the cancer environment.[@bib16]^,^[@bib17] Moreover, highly expressed CXCR4 was also linked with the resistances of OC cells to distinct chemotherapies.[@bib18]^,^[@bib19] However, the mechanisms elevating CXCR4 expression in OC remain poorly understood. It is also predicted by bioinformatic analysis that CXCR4 could be directly targeted by miR-548a/e/az, which has not been experimentally validated so far.

In addition, the pathogenic roles of elevated CXCR4 expression in tumorigenesis and chemotherapy resistances have been mediated by its suppression of let-7a expression.[@bib20]^,^[@bib21] In acute myeloid leukemia (AML), CXCR4 activation greatly downregulated the expression of let-7a, and let-7a could enhance AML cells' sensitivity to cytarabine treatment by suppressing c-Myc and BCL-XL (B-cell lymphoma-extra large).[@bib21] Similarly, the let-7a expression was also reported to be repressed by CXCR4 in pancreatic cancer cells (PCCs), thus resulting into progression of PCC tumorigenesis, metastasis, and chemotherapy resistance by targeting and suppressing the expression of high mobility group A2 protein (HMGA2).[@bib20] However, the suppression of let-7a expression by CXCR4 in drug resistances of OC still remains unknown.

In this study, we verified our hypothesis that lncRNA ZFAS1 could directly target and suppress miR-548e expression to elevate CXCR4 expression, which promoted OC metastasis and meanwhile altered the downstream let-7a/BCL-XL/S axis to enhance chemotherapy resistance to cisplatin (please see [Figure 10](#fig10){ref-type="fig"}). These results unveiled a new epigenetic alteration-mediated signaling underlying OC pathogenesis, which also provided a basis for non-coding-RNA-based OC early diagnosis and novel anti-cancer drug development.

Results {#sec2}
=======

ZFAS1 Targets and Suppresses miR-548e Expression in OC {#sec2.1}
------------------------------------------------------

To investigate the association of ZFAS1 and the miR-548 family during OC pathogenesis, we first detected the expression of ZFAS1 and miR-548 members in OC tissues and cell lines. We observed that ZFAS1 expression was significantly increased in OC tissues compared with the adjacent non-cancerous tissues ([Figure 1](#fig1){ref-type="fig"}A). Also, ZFAS1 expression in metastatic cancer tissues in lymph nodes from seven metastatic OC patients was remarkably higher than those primary ovarian tumors ([Figure 1](#fig1){ref-type="fig"}B). Consistently, we observed that ZFAS1 expression was significantly elevated in OC cell lines SKOV3, Caov3, and A2780 and slightly increased in OC cell lines OVCAR3 and COV644, compared with the human ovarian epithelial (HOSE) cells ([Figure 1](#fig1){ref-type="fig"}C). GEPIA (gene expression profiling interactive analysis) data showed that high ZFAS1 expression was correlated with poor survival time in OC patients ([Figure 1](#fig1){ref-type="fig"}D). On the contrary, the expression of miR-548a, miR-548e, and miR-548az in both OC tissues and cell lines showed a significant decrease compared with corresponding controls ([Figures 1](#fig1){ref-type="fig"}E and 1F). Moreover, low expression of miR-548e in OC patients was correlated with reduced percent survival, compared with those with high miR-548e expression ([Figure 1](#fig1){ref-type="fig"}G). Furthermore, we found that ZFAS1 expression showed significantly negative correlation with miR-548a, miR-548e, and miR-548az expression levels in OC tissues ([Figure 1](#fig1){ref-type="fig"}H).Figure 1ZFAS1 Targets and Suppresses miR-548e Expression in Ovarian Cancer (OC)(A) Relative expression of ZFAS1 in OC tissues and adjacent non-cancerous tissues. ZFAS1 expression levels in ovarian tissues from 17 OC patients were determined by qRT-PCR. (B) Relative expression of ZFAS1 in primary and metastatic ovarian tumor tissues from seven metastatic OC patients by qRT-PCR. (C) ZFAS1 expressional alterations in OC cell lines SKOV3, Caov3, OVCAR3, A2780, and COV644. HOSE cells were used as the control. (D) Correlation of ZFAS1 expression levels with OC patient survival time based on the GEPIA database. (E) miR-548 family member expressions in OC tissues and adjacent non-cancerous tissues by qRT-PCR. (F) miR-548 family member expressions in SKOV3, Caov3, OVCAR3, A2780, COV644, and HOSE cells. (G) Correlation between miR-548e expression with OC patient survival time based on TCGA data. (H) Negative correlations between ZFAS1 with miR-548a, miR-548e, or miR-548az in OC tissues. (I) The binding sites of ZFAS1 with miR-548a, miR-548e, or miR-548az as predicted by bioinformatics. (J) Validation of the binding of ZFAS1 with miR-548a, miR-548e, or miR-548az in HEK293T cells by dual-luciferase reporter assay. (K) Co-localization of ZFAS1 with miR-548a, miR-548e, or miR-548az in SKOV3 and Caov3 cells by fluorescence *in situ* hybridization (FISH). Scale bar: 50 μm. (L) The binding of ZFAS1 with miR-548e in HEK293T cells confirmed by RIP assay. ZFAS1, zinc finger antisense 1; SD, standard deviation; WT, wild-type; MUT, mutant; NC, negative control; Ago2, argonaute 2; shZFAS1, short hairpin RNA targeting ZFAS1; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

Bioinformatics analysis predicted that ZFAS1 could directly bind with miR-548 family members ([Figure 1](#fig1){ref-type="fig"}I). To test this, we performed dual-luciferase reporter assays to validate their association and found that ZFAS1 could bind with all three miR-548 family members ([Figure 1](#fig1){ref-type="fig"}J). Among them, ZFAS1 showed the greatest affinity with miR-548e sequences, as shown by the greatly enhanced or suppressed luciferase signals in HEK293T cells expressing wild-type ZFAS1 (ZFAS1-WT) treated with miR-548e inhibitor or mimics, respectively, which were not observed in HEK293T cells expressing mutant ZFAS1 (ZFAS1-MUT) ([Figure 1](#fig1){ref-type="fig"}J). Through a fluorescence *in situ* hybridization (FISH) assay, we found that ZFAS1 was co-localized with miR-548a, miR-548e, and miR-548az in cytosols of SKOV3 and Caov3 cells, but the most significant co-localization was observed between ZFAS1 and miR-548e ([Figure 1](#fig1){ref-type="fig"}K). Our RNA immunoprecipitation (RIP) assay also showed a great increase of co-precipitated ZFAS1 levels after cells being treated with miR-548e mimics compared with negative control ([Figure 1](#fig1){ref-type="fig"}L). For further validation, we suppressed and elevated ZFAS1 expression in SKOV3 and Caov3 cells that exhibited the highest ZFAS1 expression level by transfecting them with shZFAS1 and recombinant pcDNA3.1-ZFAS1, respectively ([Figure S1](#mmc1){ref-type="supplementary-material"}A). In these two OC cell lines, ZFAS1 silencing significantly produced the increased miR-548e expression, while ZFAS1 overexpression resulted into greatly repressed miR-548e expression ([Figure S1](#mmc1){ref-type="supplementary-material"}B). These results proved that the highly expressed ZFAS1 suppressed miR-548e expression during OC development through direct binding.

ZFAS1 Promotes OC Progression and Cisplatin Resistance by Suppressing miR-548e Expression {#sec2.2}
-----------------------------------------------------------------------------------------

To investigate the cellular functions of ZFAS1 and miR-548e, the OC cell lines with simultaneous silencing of both ZFAS1 and miR-548e were established ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The miR-548e expression levels in SKOV3 and Caov3 cells were elevated by shZFAS1 transfection, which were then significantly downregulated by co-transfection with miR-548e inhibitor ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Importantly, we observed by cell counting kit-8 (CCK-8) clone formation, would healing, and the Transwell system that the proliferation rates, migration, and invasion capacities of SKOV3 and Caov3 cells were significantly suppressed by shZFAS1 transfection, and they were then effectively reversed by treatment the with miR-548e inhibitor ([Figures 2](#fig2){ref-type="fig"}A--2D). Consistently, we found that the expression levels of E-cadherin in SKOV3 and Caov3 cells were markedly increased by short hairpin RNA (shRNA)-mediated ZFAS1 silencing, while the expression levels of N-cadherin, vimentin, MMP-2 (matrix metalloproteinases 2), and Slug proteins in SKOV3 and Caov3 cells were significantly downregulated by shZFAS1 transfection ([Figure 2](#fig2){ref-type="fig"}E). However, miR-548e inhibitor treatment significantly suppressed E-cadherin and promoted N-cadherin, vimentin, MMP-2, and Slug protein levels in SKOV3 and Caov3 cells induced by shZFAS1 ([Figure 2](#fig2){ref-type="fig"}E). These results showed that ZFAS1 promoted OC cell proliferation, migration, and invasion via repressing miR-548e expression.Figure 2ZFAS1 Enhances OC Cell Proliferation, Migration, and Invasion by Suppressing miR-548e Expression(A and B) The proliferation rates of SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e inhibitor. Cell proliferations were analyzed by CCK-8 (A) and clone formation assay (B), respectively. (C) The migration capacities of SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e inhibitor. Cell migration was analyzed by wound-healing assay. (D) The invasion capacities of SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e inhibitor. Cell invasion capacity was assessed using the Transwell system. (E) Protein abundances of E-cadherin, N-cadherin, vimentin, MMP-2, and Slug in SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e inhibitor. Protein levels were determined by western blotting. ZFAS1, zinc finger antisense 1; shZFAS1, short hairpin RNA targeting ZFAS1; NC, negative control; MMP-2, matrix metalloproteinases 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

Moreover, we found that the resistances of SKOV3 and Caov3 cells to cisplatin treatment were also greatly impaired by shZFAS1 transfection, but simultaneous treatment with miR-548e inhibitor significantly recovered the cisplatin resistance of both SKOV3 and Caov3 cells transfected with shZFAS1 ([Figure 3](#fig3){ref-type="fig"}A). The half-maximal inhibitory concentration (IC~50~) values of cisplatin in SKOV3 and Caov3 cells showed a significant decrease after shZFAS1 transfection, and the IC~50~ values were then greatly elevated by co-transfection with miR-548e inhibitor ([Figure 3](#fig3){ref-type="fig"}A). In addition, we observed that cisplatin treatment induced apoptosis in SKOV3 and Caov3 cells, and the cisplatin-induced apoptosis of SKOV3 and Caov3 cells was remarkably promoted by shZFAS1 transfection ([Figure 3](#fig3){ref-type="fig"}B). But miR-548e inhibitor significantly suppressed the apoptosis of SKOV3 and Caov3 cells transfected with shZFAS1 ([Figure 3](#fig3){ref-type="fig"}B). Together, these observations showed that ZFAS1 silencing could effectively inhibit cisplatin resistance through its suppression on miR-548e expression.Figure 3ZFAS1 Promotes OC Cell Resistance to Cisplatin by Inhibiting miR-548e Expression(A) The cisplatin resistance of SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e inhibitor. The viability of cells treated with 2, 4, 6, 8, and 10 μM cisplatin were measured by CCK-8 assay for calculate of the IC~50~ values. (B) The apoptosis of SKOV3 and Caov3 cells transfected with shZFAS1 and miR-548e-3p inhibitor under cisplatin treatment. Cell apoptosis was evaluated by the flow cytometry. ZFAS1, zinc finger antisense 1; shZFAS1, short hairpin RNA targeting ZFAS1; NC, negative control; IC~50~, half maximal inhibitory concentration; ∗p \< 0.05 and ∗∗p \< 0.01.

miR-548e Targets and Suppresses CXCR4 Expression in OC {#sec2.3}
------------------------------------------------------

To explore the involvement of CXCR4 and its relationship with miR-548e in OC pathogenesis, we subsequently analyzed the expression of CXCR4 in OC tissues and cell lines. We showed here that CXCR4 expression was significantly elevated in OC tissues compared with the corresponding adjacent ovarian tissues ([Figure 4](#fig4){ref-type="fig"}A). Also, CXCR4 expression in metastatic cancer tissues in lymph nodes was significantly higher than that in primary ovarian tumor tissues ([Figure 4](#fig4){ref-type="fig"}B). Both the mRNA and protein levels of CXCR4 in OC cell lines SKOV3, Caov3, and OVCAR3 were all significantly higher than the HOSE cells ([Figures 4](#fig4){ref-type="fig"}C and 4D). Moreover, The Cancer Genome Atlas (TCGA) data analysis revealed that OC patients at later stages (stage IV) exhibited slightly higher expression of CXCR4 compared with those at earlier stages (stages II and III) ([Figure 4](#fig4){ref-type="fig"}E).Figure 4miR-548e Suppresses CXCR4 Expression in OC via Direct Binding(A) Relative CXCR4 expression in OC tissues and adjacent non-cancerous tissues by qRT-PCR. (B) Relative CXCR4 expression in primary and metastatic ovarian tumor tissues from seven metastatic OC patients by qRT-PCR. (C and D) CXCR4 expressional levels in OC cell lines SKOV3, Caov3, OVCAR3, A2780, COV644, and HOSE cells by qRT-PCR (C) and western blotting (D). HOSE cells were measured as the control. (E) Correlation of CXCR4 expression with OC patient stages based on TCGA data. (F and G) The correlations of CXCR4 expression with ZFAS1 (F) and miR-548e (G) expression in OC tissues. (H) The binding sites of miR-548e with CXCR4 gene 3′ UTR region. (I) The binding validation through dual-luciferase reporter assay in HEK293T cells. (J) Silencing or overexpression of miR-548e expression in both SKOV3 and Caov3 cells with miR-548e inhibitor and mimics, respectively. miR-548e expression was evaluated by qRT-PCR. (K and L) The expression of CXCR4 in SKOV3 and Caov3 cells with silenced or enhanced miR-548e expression. CXCR4 level was detected by qRT-PCR (K) and western blotting (L), respectively. CXCR4, chemokine receptor 4; SD, standard deviation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ZFAS1, zinc finger antisense 1; WT, wild-type; MUT, mutant; UTR, untranslated region; NC, negative control; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

Furthermore, we found that CXCR4 expression in OC tissues exhibited significantly positive correlation with ZFAS1 expression but significantly negative correlation with miR-548e expression in OC tissues ([Figures 4](#fig4){ref-type="fig"}F and 4G). Our bioinformatics analysis showed that 3′ UTR region of the CXCR4 could be directly targeted by miR-548e, which was then verified by the dual-luciferase reporter assay in HEK293T cells ([Figure 4](#fig4){ref-type="fig"}H). The elevated or suppressed luciferase activities in HEK293T cells expressing the WT CXCR4 sequences (CXCR4-WT) were induced by miR-548e mimics or inhibitor, respectively, but not in HEK293T cells expressing MUT CXCR4 sequences (CXCR4-MUT), proving the direct binding of miR-548e with CXCR4 ([Figure 4](#fig4){ref-type="fig"}I). In addition, the miR-548e expression in SKOV3 and Caov3 cells were then silenced or enhanced by transfecting with miR-548e inhibitor or mimics, respectively ([Figure 4](#fig4){ref-type="fig"}J). In these cells, we observed that miR-548e inhibitor greatly increased CXCR4 mRNA and protein levels, while miR-548e mimics significantly downregulated CXCR4 mRNA and protein levels in both SKOV3 and Caov3 cells ([Figures 4](#fig4){ref-type="fig"}K and 4L). These results convincingly validated that the CXCR4 expression in OC cells were effectively suppressed by the binding of miR-548e.

miR-548e Represses OC Progression and Cisplatin Resistance by Targeting CXCR4 Expression {#sec2.4}
----------------------------------------------------------------------------------------

To analyze the pathogenic role of CXCR4 mediated by miR-548e, we established SKOV3 and Caov3 cells with elevated miR-548e expression by mimics and CXCR4 overexpression. The expression levels of miR-548e in SKOV3 and Caov3 cells were not influenced by the simultaneous transfection with recombinant pcDNA3.1-CXCR4 plasmids ([Figure S3](#mmc1){ref-type="supplementary-material"}A). However, the expression levels of CXCR4 in SKOV3 and Caov3 cells were significantly suppressed by miR-548e mimics, which were then partially recovered by transfection with recombinant pcDNA3.1-CXCR4 plasmids ([Figure S3](#mmc1){ref-type="supplementary-material"}B). In the above cells, we observed that miR-548e mimic treatment resulted in significant suppression of the proliferation, migration, and invasion capacities of SKOV3 and Caov3 cells, which were then remarkably mitigated by CXCR4 overexpression ([Figures 5](#fig5){ref-type="fig"}A--5D). Consistently, the E-cadherin expressions in both SKOV3 and Caov3 cells were significantly promoted by miR-548e mimics, while the expression levels of N-cadherin, vimentin, MMP-2, and Slug proteins in these two cell lines were greatly downregulated by miR-548e mimics ([Figure 5](#fig5){ref-type="fig"}E). On the contrary, CXCR4 overexpression significantly repressed E-cadherin but enhanced N-cadherin, vimentin, MMP-2, and Slug expressions in both SKOV3 and Caov3 cells treated with miR-548e mimics ([Figure 5](#fig5){ref-type="fig"}E).Figure 5miR-548e Inhibits OC Cell Proliferation, Migration, and Invasion by Suppressing CXCR4 Expression(A and B) The proliferation rates of SKOV3 and Caov3 cells with enhanced miR-548e and CXCR4 expression levels. Both the CCK-8 (A) and clone-formation assay (B) were used to detect cell proliferation. (C) The migration capacities of SKOV3 and Caov3 cells transfected with miR-548e mimics and CXCR4-overexpressing plasmids. Cell migration was measured through the wound-healing assay. (D) The invasion capacities of SKOV3 and Caov3 cells with enhanced miR-548e and CXCR4 expression levels. Cell invasion capacity was analyzed with the Transwell system. (E) E-cadherin, N-cadherin, vimentin, MMP-2, and Slug protein levels in SKOV3 and Caov3 cells transfected with miR-548e mimics and CXCR4-overexpressing plasmids. Protein abundance was measured by western blotting. NC, negative control; CXCR4, chemokine receptor 4; MMP-2, matrix metalloproteinases 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

Also, cisplatin resistances of SKOV3 and Caov3 cells were greatly suppressed by miR-548e mimics, which were then enhanced by CXCR4 overexpression in SKOV3 and Caov3 cells transfected with miR-548e mimics ([Figure 6](#fig6){ref-type="fig"}A). Specifically, miR-548e mimics significantly downregulated the IC~50~ values of cisplatin in SKOV3 and Caov3 cells, which were then greatly increased by co-transfection with CXCR4-overexpressing vectors in both cell lines ([Figure 6](#fig6){ref-type="fig"}A). Finally, we found that cisplatin-induced SKOV3 and Caov3 cell apoptosis was greatly enhanced by miR-548e mimics, but CXCR4 overexpression significantly inhibited the apoptosis of SKOV3 and Caov3 cells transfected with miR-548e mimics ([Figure 6](#fig6){ref-type="fig"}B). These results suggested that miR-548e overexpression could effectively inhibit OC cell proliferation, invasion, and cisplatin resistance, which was mediated by its suppression on CXCR4 expression.Figure 6miR-548e Impairs OC Cell Resistance to Cisplatin by Repressing CXCR4 Expression(A) Effects of miR-548e mimics and CXCR4 overexpression on resistance of SKOV3 and Caov3 cells to cisplatin treatments. Viabilities of cells treated with 2, 4, 6, 8, or 10 μM cisplatin were detected using the CCK-8 assay, and IC~50~ values were calculated to evaluate drug resistance. (B) The cisplatin-induced SKOV3 and Caov3 cell apoptosis after being transfected with miR-548e mimics and CXCR4 overexpressing plasmids. Flow cytometry was used to detect cell apoptosis. NC, negative control; CXCR4, chemokine receptor 4; IC~50~, half maximal inhibitory concentration; ∗p \< 0.05 and ∗∗p \< 0.01.

CXCR4 Enhances OC Cell Resistance to Cisplatin by Regulating the let-7a/BCL-XL/S Axis {#sec2.5}
-------------------------------------------------------------------------------------

For more insights into the roles of CXCR4 in regulating cisplatin resistance, we further analyzed the involvement of the let-7a in these processes. First, we observed that let-7a expression levels in OC tissues were significantly lower than these adjacent non-cancerous ovarian tissues ([Figure 7](#fig7){ref-type="fig"}A). Moreover, we found that let-7a expression showed a significantly negative correlation with CXCR4 expression in OC tissues ([Figure 7](#fig7){ref-type="fig"}B). In these OC cell lines, the expression levels of let-7a were also greatly lowered compared with the HOSE cells ([Figure 7](#fig7){ref-type="fig"}C). Next, we separately suppressed and elevated CXCR4 expressions in SKOV3 and Caov3 cells by transfecting with shCXCR4 or the recombinant pcDNA3.1-CXCR4 plasmids, respectively ([Figures 7](#fig7){ref-type="fig"}D and 7E). Moreover, we showed that let-7a expression levels in both the SKOV3 and Caov3 cells were significantly elevated by transfection with shCXCR4 but remarkably suppressed by transfection with the pcDNA3.1-CXCR4 plasmids ([Figure 7](#fig7){ref-type="fig"}F), indicative of the inhibitory roles of CXCR4 on let-7a expression in OC cells.Figure 7CXCR4 Promotes Cisplatin Resistance of OC Cells through Suppressing the let-7a/BCL-XL/S Axis(A) Relative let-7a expression levels in OC tissues and adjacent non-cancerous ovarian tissues. Expressional changes of let-7a in OC tissues were analyzed by qRT-PCR. (B) Negative correlation of let-7a with CXCR4 expression in OC tissues. (C) Relative let-7a expression in SKOV3, Caov3, OVCAR3, A2780, and CAV644 cells. Its expression in HOSE cells was detected as the control. (D and E) Silencing and elevation of CXCR4 expression in SKOV3 and Caov3 cells with shCXCR4 and pcDNA3.1-CXCR4 plasmids, respectively. Expression levels of CXCR4 in SKOV3 and Caov3 cells were detected by qRT-PCR (D) and western blotting (E). (F) Relative expression of let-7a in SKOV3 and Caov3 cells with silenced or elevated CXCR4 expression by qRT-PCR. (G) Influences of shCXCR4 and let-7a inhibitor on cisplatin resistance of SKOV3 and Caov3 cells. Cell viabilities were detected by the CCK-8 method under treatments with 2, 4, 6, 8, or 10 μM cisplatin, and the resistances were assessed by the IC~50~ values. (H) Effects of shCXCR4 and let-7a inhibitor on cisplatin-induced SKOV3 and Caov3 cell apoptosis. Flow cytometry was performed to detect cell apoptosis. (I) Abundances of BCL-XL/S proteins in SKOV3 and Caov3 cells transfected with shCXCR4 and let-7a inhibitor. Protein levels were analyzed by western blotting. (J) The binding of let-7a with BCL-XL/S gene sequences predicted by informatics (top) and confirmed by dual-luciferase reporter assay (bottom). NC, negative control; CXCR4, chemokine receptor 4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IC~50~, half maximal inhibitory concentration; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

More importantly, we found that the cisplatin resistances of both SKOV3 and Caov3 cells were greatly impaired by transfection with shCXCR4, and IC~50~ values were then significantly recovered by let-7a inhibitor in SKOV3 and Caov3 cells transfected with shCXCR4 ([Figure 7](#fig7){ref-type="fig"}G). The IC~50~ values of cisplatin in SKOV3 and Caov3 cells were significantly decreased by shCXCR4 but effectively elevated by the let-7a inhibitor ([Figure 7](#fig7){ref-type="fig"}G). Consistently, shCXCR4 induced the marked increase of SKOV3 and Caov3 cell apoptosis under cisplatin treatment but the let-7a inhibitor significantly suppressed the apoptosis of SKOV3 and Caov3 cells transfected with shCXCR4 under cisplatin treatment ([Figure 7](#fig7){ref-type="fig"}H). Furthermore, we also showed that shCXCR4 induced the significant decrease of BCL-XL/S (Bcl-2-like protein 1) expression in SKOV3 and Caov3 cells, which was mitigated by simultaneous transfection with let-7a inhibitor ([Figure 7](#fig7){ref-type="fig"}I). Finally, our bioinformatics analysis predicted that let-7a could directly bind with the 3′ UTR region of the BCL-XL/S gene ([Figure 7](#fig7){ref-type="fig"}J). In HEK293T cells expressing the WT BCL-XL/S, the luciferase activity was significantly suppressed by treatment with let-7a mimics but was greatly elevated by the let-7a inhibitor ([Figure 7](#fig7){ref-type="fig"}J), showing the direct binding of let-7a with BCL-XL/S. Together, these observations indicated that CXCR4 promoted the cisplatin resistance of OC cells by negatively regulating the let-7a/BCL-XL/S axis.

ZFAS1 Promotes OC Cisplatin Resistance by Regulating the let-7a/BCL-XL/S Signaling Axis {#sec2.6}
---------------------------------------------------------------------------------------

To further analyze the roles of the let-7a/BCL-XL/S axis in ZFAS1-regulated OC chemotherapy resistance, the SKOV3 and Caov3 cells were co[-]{.ul}transfected with pcDNA3.1-ZFAS1 plasmids and let-7a mimics. We observed that ZFAS1 expression in both SKOV3 and Caov3 cells were greatly increased by pcDNA3.1-ZFAS1 plasmids but not altered by the combined transfection with let-7a mimics ([Figure 8](#fig8){ref-type="fig"}A). However, the expression levels of let-7a in SKOV3 and Caov3 cells were greatly suppressed by ZFAS1 overexpression, while let-7a expression levels were then remarkably promoted by let-7a mimics ([Figure 8](#fig8){ref-type="fig"}B). Also, we found that the BCL-XL/S protein levels were markedly upregulated by ZFAS1 overexpression but were then significantly downregulated by let-7a mimics in SKOV3 and Caov3 cells ([Figure 8](#fig8){ref-type="fig"}C). More importantly, we also showed that the enhanced cisplatin resistance of SKOV3 and Caov3 cells by ZFAS1 overexpression was also significantly suppressed by simultaneous transfection with let-7a mimics ([Figure 8](#fig8){ref-type="fig"}D). The IC~50~ values of cisplatin in SKOV3 and Caov3 cells were increased by ZFAS1 overexpression but greatly downregulated by co-transfection with let-7a mimics ([Figure 8](#fig8){ref-type="fig"}D). Consistently, ZFAS1 overexpression reduced the apoptotic SKOV3 and Caov3 cells under cisplatin treatment, which were also significantly abrogated by the transfection with let-7a mimics ([Figure 8](#fig8){ref-type="fig"}E).Figure 8ZFAS1 Promotes OC Cisplatin Resistance by Suppressing the let-7a/BCL-XL/S Signaling Axis(A) ZFAS1 relative expression levels in SKOV3 and Caov3 cells with ZFAS1 overexpression and transfected with let-7a mimics. ZFAS1 expression was detected by the qRT-PCR method. (B) Relative let-7a expression levels in SKOV3 and Caov3 cells with ZFAS1 overexpression and transfected with let-7a mimics by the qRT-PCR method. (C) BCL-XL/S protein abundances in SKOV3 and Caov3 cells with elevated ZFAS1 and let-7a expression by western blotting. GAPDH was included as the internal standard. (D) Cisplatin resistances of SKOV3 and Caov3 cells with ZFAS1 overexpression and transfected with let-7a mimics. Cell viabilities measured by the CCK-8 method under cisplatin treatments were used to calculate the IC~50~ values. (E) The apoptosis of SKOV3 and Caov3 cells with elevated ZFAS1 and let-7a expression by flow cytometry. (F) Tumors generated from SKOV3 cells transfected let-7a mimics in nude mice under cisplatin treatment. Cell line-based xenograft (CDX) models were established using nude mice to evaluated cisplatin resistance *in vivo*. (G) The sizes and weights of tumors developed from SKOV3 cells transfected let-7a mimics in nude mice under cisplatin treatment. (H) Ki-67 protein levels in tumors generated from SKOV3 cells transfected let-7a mimics in nude mice under cisplatin treatment. Scale bar: 50 μm. (I) BCL-XL/S mRNA levels in tumors developed from SKOV3 cells transfected let-7a mimics in nude mice under cisplatin treatment. ZFAS1, Zinc finger antisense 1; NC, negative control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IC~50~, half maximal inhibitory concentration; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

To provide *in vivo* evidence, we further investigated the effects of let-7a on cisplatin resistance using the cell-line-based xenograft models ([Figure 8](#fig8){ref-type="fig"}F). After transplanting SKOV3 cells transfected with let-7a mimics into nude mice, we found that the sizes and weights of tumors generated from SKOV3 cells transfected with let-7a mimics under cisplatin treatment were significantly lower than those from the negative controls ([Figures 8](#fig8){ref-type="fig"}F and 8G). Consistently, we demonstrated that the Ki-67 expression in tumors from SKOV3 cells under cisplatin treatment were greatly suppressed by let-7a mimics, compared with that in tumors from negative control cells, indicating the suppressed cancer cell proliferation by let-7a in *in vivo* tumorigenesis model ([Figure 8](#fig8){ref-type="fig"}H). Moreover, the mRNA levels of BCL-XL/S in tumors derived from SKOV3 cells transfected with let-7a mimics in nude mice under cisplatin treatment were also significantly lower than those from negative control cancer cells ([Figure 8](#fig8){ref-type="fig"}I). Together, these results indicated that cisplatin resistance enhanced by ZFAS1 in OC was mediated by the suppression of let-7a expression and the resultant alteration of BCL-XL/S expression.

ZFAS1 Knockdown or miR-548e Overexpression Suppresses Cisplatin Resistance and Lung Metastasis of OC in Animal Models {#sec2.7}
---------------------------------------------------------------------------------------------------------------------

For further verification of ZFAS1 and miR-548e's pathogenic roles, we finally investigated the influences of their expressional alterations on OC cisplatin resistance and lung metastasis using *in vivo* tumorigenesis models ([Figure 9](#fig9){ref-type="fig"}A). We found that tumors developed in nude mice injected with SKOV3 cells transfected with shZFAS1 or miR-548e mimics under cisplatin treatment exhibited remarkably reduced sizes and weights, compared with those from negative control cells in nude mice ([Figures 9](#fig9){ref-type="fig"}A and 9B). Consistently, the Ki-67 assay showed that proliferation rates of cells in tumors derived from SKOV3 cells with shZFAS1 under cisplatin treatment were greatly suppressed compared with the negative controls ([Figure 9](#fig9){ref-type="fig"}C). Also, the expression of BCL-XL/S in tumor tissues showed similar decrease induced by shZFAS1 or miR-548e mimics ([Figure 9](#fig9){ref-type="fig"}D). These analyses based on an *in vivo* model further validated the regulating roles of ZFAS1 and miR-548e in cisplatin resistance of OC.Figure 9ZFAS1 Knockdown or miR-548e Overexpression Represses OC Cisplatin Resistance and Lung Metastasis in Models of *In Vivo* Tumorigenesis(A) Tumors formed in nude mice injected with SKOV3 cells transfected with shZFAS1 or miR-548e mimics under cisplatin treatment. (B) The sizes and weights of tumors formed in nude mice injected with SKOV3 cells transfected with shZFAS1 or miR-548e mimics under cisplatin treatment. (C) Cell proliferation rates in tumors developed from SKOV3 cells transfected with shZFAS1 in nude mice under cisplatin treatment. Ki-67 expression was detected by immunohistochemistry to evaluate cell proliferation. Scale bar: 50 μm. (D) BCL-XL/S abundances in tumors generated in nude mice injected with SKOV3 cells transfected with shZFAS1 or miR-548e mimics under cisplatin treatment. (E) Metastatic lung nodules developed in nude mice injected with SKOV3 cells transfected with shZFAS1. (F and G) Relative expression of E-cadherin (F) and N-cadherin (G) in metastatic lung nodules developed from SKOV3 cells transfected with shZFAS1 or miR-548e mimics. (H) ZFAS1 expression in metastatic lung nodules derived from SKOV3 cells transfected with shZFAS1 by qRT-PCR. (I and J) Relative miR-548e (I) and CXCR4 (J) expression in metastatic lung nodule tissues generated in nude mice injected with SKOV3 cells transfected with shZFAS1 or miR-548e mimics. ZFAS1, zinc finger antisense 1; NC, negative control; shZFAS1, short hairpin RNA targeting ZFAS1; CXCR4, chemokine receptor 4; ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001.

In addition, we revealed using the *in vivo* model that the metastatic lung nodule formation in nude mice injected with SKOV3 cells transfected with shZFAS1 was significantly suppressed, in comparison with those injected with negative control cells ([Figure 9](#fig9){ref-type="fig"}E). Consistently, we also found that E-cadherin expression in metastatic lung nodules formed in nude mice injected with SKOV3 cells with shZFAS1 or miR-548e mimics were significantly elevated compared with the negative controls ([Figure 9](#fig9){ref-type="fig"}F). On the contrary, the expression of N-cadherin showed opposite alterations in metastatic lung nodules formed in nude mice ([Figure 9](#fig9){ref-type="fig"}G). The decreased ZFAS1 expression was also detected in metastatic lung nodules developed in nude mice injected with SKOV3 cells transfected with shZFAS1 ([Figure 9](#fig9){ref-type="fig"}H). Also in metastatic lung nudes formed in nude mice, the expression of miR-548e was markedly elevated by SKOV3 cells with both shZFAS1 and miR-548e mimics ([Figure 9](#fig9){ref-type="fig"}I). Contrarily, the expression levels of CXCR4 in metastatic lung nodules developed in nude mice were significantly downregulated by pre-injecting SKOV3 cells with shZFAS1 or miR-548e mimics ([Figure 9](#fig9){ref-type="fig"}J). Together, these results from the *in vivo* animal model proved that ZFAS1 knockdown or miR-548e overexpression could effectively repress cisplatin resistance and lung metastasis of OC.

Discussion {#sec3}
==========

OC is a severe human malignancy featured by hidden symptoms at an early stage, rapid progression, metastasis, and poor prognosis.[@bib22] Even worse, current therapies for OC have usually been limited by multiple intrinsic and acquired resistances to available chemotherapy drugs.[@bib3]^,^[@bib4] Hence, it is of immense clinical significance to investigate the molecular mechanisms underlying OC pathogenesis and drug resistances. In the present study, we extensively investigated the pathogenic roles of lncRNA ZFAS1 and its interaction with the miR-548e in OC cell proliferation, migration, invasion, and resistance to cisplatin treatment. We revealed for the first time that the high expression of ZFAS1 in OC cells bound with miR-548e to promote CXCR4 expression, thus regulating OC cell proliferation, migration, invasion, and cisplatin resistance. Furthermore, we proved that CXCR4 exerted its cisplatin-resistance-promoting roles by negatively regulating let-7a, which suppressed BCL-XL/S expression. The roles of ZFAS1, miR-548e, and let-7a on cisplatin resistance and lung metastasis of OC were finally confirmed by *in vivo* tumorigenesis model by injecting nude mice with modified OC cells. Together, we revealed a new ZFAS1/miR-548e/CXCR4 axis driving OC metastasis and promoted OC cisplatin resistance by modulating the let-7a/BCL-XL/S signaling ([Figure 10](#fig10){ref-type="fig"}), which also provided novel targets for OC early diagnosis and new treatment development.Figure 10A Schematic Illustration of ZFAS1/miR-548e/CXCR4 Signaling Axis in Regulating OC Cell Proliferation, Metastasis, and Cisplatin ResistanceIn OC cells, ZFAS1 binds with miR-548e to enhance CXCR4 expression to promote OC cell proliferation, metastasis, and invasion, resulting in EMT and OC metastasis. Under cisplatin treatment, the ZFAS1/miR-548e/CXCR4 axis further suppresses let-7a expression and elevates BCL-XL/S expression to enhance OC cell resistance to cisplatin treatment.

lncRNAs are a large group of non-coding transcripts with a length of over 200 nucleotides that post-transcriptionally modulate gene expression mainly by acting as sponges of target miRNAs.[@bib23] It has been well documented during the past decades that lncRNA-miRNA networks performed key regulatory roles in the pathogenesis, metastasis, and multiple drug resistance of various human cancers.[@bib24]^,^[@bib25] Among a large quantity of lncRNAs associated with tumorigenesis, ZFAS1 is a lncRNA originally characterized as mammary development regulator, which was later reported to be closely associated with a number of human cancers.[@bib26] Although ZFAS1 was shown to regulate OC malignancy and elevated in cisplatin-treated OC cell lines,[@bib10]^,^[@bib27] the downstream signaling cascades mediating its roles in OC pathogenesis, metastasis, and cisplatin resistance still remain unknown. In the present study, we confirmed that ZFAS1 was highly expressed in OC tissues and cell lines, which was negatively correlated with the expression of miR-548e and other miR-548 family members in OC. ZFAS1 and miR-548e showed negative and positive correlations with OC patient survival time, respectively. Based on bioinformatics prediction, we validated for the first time that ZFAS1 could suppress miR-548e expression, which was verified by combination of the dual-luciferase reporter assay and RIP methods in this study. We also indicated that ZFAS1 and miR-548 family members were mainly co-localized in the cytosols of OC cells by FISH assay. Through modulating ZFAS1 and miR-548e expression in OC cells, we persuasively demonstrated that the regulation of OC cell proliferation, migration, invasion, and cisplatin resistance by ZFAS1 was mediated by its suppression on miR-548e expression. These results provided novel insights into the molecular pathogenesis of OC, as well as the non-coding RNA-mediated anti-ovarian-cancer drug resistance development. Of note, we showed that two other members of the miR-548 family could also be targeted by ZFAS1, and their involvements in OC pathogenesis and cisplatin resistance deserve further investigations.

As introduced above, it was already known that elevated CXCR4 expression was closely associated with OC cell proliferation, migration, invasion, and metastasis, as well as anti-cancer drug resistance.[@bib16]^,^[@bib18]^,^[@bib19] In this study, we also verified the significant increase of CXCR4 expression in OC tissues and cell lines. Furthermore, we showed that CXCR4 expression was positively correlated with ZFAS1 but negatively correlated with miR-548e expression in OC tissues. However, little is known about the mechanisms responsible for significantly increased CXCR4 expression in OC cells. Based on our bioinformatics, we convincingly proved that miR-548e could directly bind with CXCR4 3′ UTR regions by dual-luciferase reporter assay, thus resulting into altered CXCR4 expression in OC cells. This is the first evidence of molecular interaction between miR-548e and CXCR4. More importantly, we clearly demonstrated that the effects of miR-548e on OC cell proliferation, migration, invasion, and cisplatin resistance were mediated by its inhibition on CXCR4 expression. At this point, we unveiled for the first time that ZFAS1 promoted OC cell proliferation, migration, invasion, and cisplatin resistance through its binding with and suppression on miR-548e, which further resulted into elevated CXCR4 expression in OC cells. In light of the oncogene roles of CXCR4 in other cancers such as melanoma, gastric cancer, and hepatocellular carcinoma,[@bib26] further investigations of the ZFAS1/miR-548e/CXCR4 axis in these malignancies would facilitate full understanding of epigenetic regulation of human tumorigenesis.

Cisplatin has been applied as a potent anti-cancer agent for several decades due to its great capability of blocking DNA synthesis during cell proliferation.[@bib28] Like other widely used chemotherapy reagents, the application of cisplatin has been greatly impaired by frequent resistance among various cancer types.[@bib28]^,^[@bib29] It has been recently established that the evolution of cisplatin resistance in cancer cells was closely linked with alteration of miRNA expressional profiles.[@bib30] For instance, the cisplatin resistance of nasopharyngeal carcinoma cells was associated with suppression of the let-7a expression by lncRNA NEAT1 (nuclear paraspeckle assembly transcript 1).[@bib31] Moreover, the let-7a expression could also be suppressed by CXCR4, which was involved in chemoresistance formation in leukemia and PCCs.[@bib20]^,^[@bib21] However, the suppression of let-7a expression by CXCR4 associated with cisplatin resistance in OC cells has not been previously explored. Here, we showed that let-7a expression in OC cells could also be negatively modulated by CXCR4, which mediated the CXCR4-induced cisplatin resistance. The anti-apoptotic protein BCL-XL/S was previously identified as an enhancer of cisplatin resistance in ovarian and lung cancers.[@bib32]^,^[@bib33] In this study, we also showed that the suppression of let-7a expression by CXCR4 caused elevated BCL-XL/S expression, which was involved in ZFAS1-induced cisplatin resistance in OC cells. Finally, the roles of ZFAS1 and let-7a in promoting OC cell cisplatin resistance and lung metastasis were validated by our *in vivo* tumorigenesis assay using mouse models. Recently, targeting lncRNAs has been suggested as a novel strategy for treating various human cancers,[@bib34]^,^[@bib35] and the anti-OC roles of shZFAS1 shown in this study suggested a promising option for developing new treating regiments.

In summary, we reported in this study that the lncRNA ZFAS1 targeted miR-548e to enhance CXCR4 expression in OC cells, which effectively promoted OC cell proliferation, metastasis, and resistance to cisplatin treatment. Furthermore, the cisplatin resistance-promoting role of the ZFAS1/miR-548e/CXCR4 axis in o OC was mediated by suppressing let-7a and elevating BCL-XL/S expression ([Figure 10](#fig10){ref-type="fig"}). These results revealed a novel non-coding RNA-mediated OC pathogenesis and chemotherapy resistance, which also provided a basis for developing new anti-cancer treatments and overcoming resistances of OC to available therapy modules.

Material and Methods {#sec4}
====================

Bioinformatics Analysis {#sec4.1}
-----------------------

The correlation between lncRNA ZFAS1 or miR-548e with OC patient survival time was analyzed using the starBase platform through the pan-cancer module as previously introduced[@bib36] and the GEPIA database (<http://gepia.cancer-pku.cn/>). Specifically, the correlation between ZFAS1 expression and survival analysis was performed based on RNA sequencing (RNA-seq) data of totally 374 ovarian serous cystadenocarcinoma patients downloaded from TCGA project, which was scaled with log2 (Fregments Per Kilobase per Million \[FPKM\] + 0.01). The correlation between miR-548e expression and survival analysis was performed based on RNA-seq data of totally 424 OC patients. The expression of CXCR4 in OC based on individual cancer stages also downloaded from TCGA project through the UALCAN portal (<http://ualcan.path.uab.edu/index.html>).[@bib37] The target miRNAs of lncRNA ZFAS1 and their binding sites were predicted by the lncBase Predicted v.2 tool (<http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2/index-predicted>).[@bib38] The binding sites of mRNAs with miR-548e or let-7a were predicted through the TargetScan software (release 7.2; <http://www.targetscan.org/vert_72/>).[@bib39]

Clinical Tissue Collection {#sec4.2}
--------------------------

The OC tissues and adjacent non-cancerous ovarian tissues were surgically collected from 17 OC patients registered at the Department of Obstetrics and Gynecology, Affiliated Haikou Hospital of Xiangya Medical College, Central South University (Haikou, Hainan, China) between August 2017 and July 2018. Detailed clinical data of OC patients in this study including disease stages, metastasis status, and other clinical pathogenic information were provided in [Table 1](#tbl1){ref-type="table"}. Written informed consents were obtained from each OC patient. The research including tissue collection was carried out with approval from the Ethical Committee of the Affiliated Haikou Hospital of Xiangya Medical College, Central South University (Haikou, Hainan, China). Samples were frozen immediately after being surgically resected and were stored in liquid nitrogen until further assays.Table 1Clinicopathological Characteristics in Patients with OCClinical ParametersCases (n)Age (Years)\<60 years12≥60 years5HistologySerous carcinoma11Mucinous adenocarcinoma + others6DifferentiationHigh grade9Low grade8Figo StageI5II-IV12Lymph Node MetastasisYes7No10

Cell Culture and Treatment {#sec4.3}
--------------------------

OC cell lines SKOV3, Caov3, and OVCAR3 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Other OC cell lines (A2780 and COV644), human embryonic kidney cells (HEK293T), and HOSE cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin at 37°C in a humidified culture chamber with supply of 5% CO~2~. For analysis of cell chemotherapy resistance, cultured cells after specified transfections were cultured in standard DMEM containing 2, 4, 6, 8, or 10 μM cisplatin (Selleck Chemicals, Houston, TX, USA) for 24 h, the IC~50~ values of cisplatin on cells were determined by measuring cell viability using the CCK-8 method as shown below.

Cell Transfections {#sec4.4}
------------------

The shZFAS1 for silencing of ZFAS1 expression and the negative control shNC, the shCXCR4 for silencing of CXCR4 expression and the negative control shNC, the miR-548a/e/az inhibitor for silencing of miR-548a/e/az expression and the inhibitor NC, the miR-548a/e/az mimics and mimics NC, and the let-7a inhibitor/mimics and negative controls NC, were all synthesized by GenePharma (Shanghai, China).

For establishment of recombinant pcDNA3.1-ZFAS1 vectors, the ZFAS1-encoding genomic sequences were amplified by the PCR method, then were used to ligate with the pcDNA3.1 vectors (Thermo Fisher Scientific, Waltham, MA, USA). The recombinant pcDNA3.1-CXCR4 vectors were established through ligating pcDNA3.1 plasmid with CXCR4 CDSs (coding sequences). Above lncRNA and mRNA shRNAs, miRNA inhibitors and mimics, and their corresponding negative controls, as well as recombinant and empty vectors, were introduced into cultured cells using the Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific, Madison, WI, USA) as instructed by the manufacture.

Dual-Luciferase Reporter Assay {#sec4.5}
------------------------------

The dual-luciferase reporter assay in this study was performed using the Nano-Glo dual-luciferase reporter system (Promega, Madison, WI, USA) following the manufacturer's instruction, combined with the pmirGLO dual-luciferase miRNA target expression vector. For validation of the binding between lncRNA ZFAS1 or miR-548a/e/az, HEK293T cells expressing the ZFAS1-WT or ZFAS1-MUT were transfected with miR-548a/e/az mimics or inhibitors. To test miR-548e binding with the CXCR4 3′ UTR region, HEK293T cells expressing the CXCR4-WT or CXCR4-MUT were transfected with miR-548e mimics or inhibitors. To verify the binding of let-7a with BCL-XL/S the 3′ UTR region, HEK293T cells expressing the WT BCL-XL/S sequences (BCL-XL/S-WT) or BCL-XL/S MUT sequences (BCL-XL/S-MUT) were transfected with let-7a mimics or inhibitors. Cell transfection was performed as introduced above. 48 h later, cells were lysed and subjected to luciferase activity measurement with a GloMax 20/20 luminometer, using the dual-luciferase reporter assay kit (Promega, Madison, WI, USA) as instructed by the manufacturer. The binding was finally evaluated by relative luciferase activities.

FISH {#sec4.6}
----

Subcellular distribution of ZFAS1 and miR-548a/e/az in SKOV3 and Caov3 cells were assessed by FISH method using the FISH tag RNA multicolor kit (\#F32956; Thermo Fishier Scientific) as instructed by the manufacturer. In brief, probes targeting ZFAS1, miR-548a, miR-548e, and miR-548az were synthesized by the GenePharma company (Shanghai, China). After being labeled with Alexa Fluor 488 or 594 dyes, these probes (1 μg/mL) were separately incubated with SKOV3 and Caov3 cells at 55°C for 18 h, and cell nuclei were visualized by staining with DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) for 5 min. Subcellular localizations of non-coding RNAs were finally observed using a fluorescence microscope.

RIP Assay {#sec4.7}
---------

The RNA immunoprecipitation (RIP) assay was carried out using the EZ-Magna RIP RNA binding protein immunoprecipitation kit (Merck, Darmstadt, Germany) according to the manufacturer's instructions. In brief, HEK293T cells transfected with miR-548e mimics or negative controls were collected and lysed in RIP lysis buffer. Cell lysates (100 μL) were then incubated with magnetic beads conjugated with antibodies targeting human Ago2 proteins. Cell lysates incubated with magnetic beads conjugated with antibodies targeting human immunoglobulin G (IgG) were used as the negative control. After being incubated with proteinase K, the RNA samples immunoprecipitated with beads were isolated and quantified. Finally, the relative ZFAS1 levels in collected RNA samples were determined by the quantitative RT-PCR (qRT-PCR) method to validate its binding with miR-548e.

Cell Proliferation Analysis {#sec4.8}
---------------------------

Cell proliferation rates were evaluated in this study by the CCK-8 and clone-formation assays. The CCK-8 assay was performed using CCK-8 (Solarbio, Beijing, China) following the manufacturer's instructions. In brief, cells cultured in a 96-well plate were incubated with CCK-8 reagent (15 μL/well) for 2 h, and the absorbances at 490 nm (optical density 490 \[OD~490~\]) were measured using a multimode plate reader. Cell proliferation analysis by colony-formation assay was done as previously described.[@bib40] In brief, cells were seeded (600 cells/well) and cultured in 6-well plates for 2 weeks under specified treatments, and formed clones were finally stained with 0.5% crystal violet and observed under microscopy (Zeiss, Germany).

Cell Migration and Invasion Analysis {#sec4.9}
------------------------------------

A wound-healing assay was carried out to detect cell migration capability following designated transfection and treatment. In brief, cultured cells were seeded (4 × 10^5^ cells/well) and cultured in 24-well plates for 24 h under standard conditions, then a straight scratch was made in the middle of the cell monolayer with a sterile pipette tip, and wound-healing status was finally observed under microscopy 24 h later. Cell invasion capability was analyzed using the Transwell culture system. In brief, Matrigel basement membrane matrix (BD Biosciences, San Jose, CA, USA) was pre-coated on the inner side of the Transwell chamber, and cells (1 × 10^6^/mL) in serum-free DMEM were added in upper chamber, with the lower chamber filled with DMEM containing 10% FBS. 24 h later, cells that invaded the lower chambers were fixed in 4% paraformaldehyde, stained with crystal violet, and quantified.

Cell Apoptosis Analysis {#sec4.10}
-----------------------

The apoptosis of cultured cells was evaluated by flow cytometry using the annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions. In brief, cells were seeded and cultured in 24-well plates for about 24 h, until a cell confluence of nearly 80% was reached. Then, cells were stained with the annexin V-FITC and PI solution for 15 min, which was finally analyzed using the FACS cytometer (BD Biosciences, San Jose, CA, USA) for determination of apoptotic cell percentages.

Lentivirus-Mediated Cell Transfection {#sec4.11}
-------------------------------------

SKOV3/DDP (cisplatin) cells with ZFAS1 silencing and miR-548e or let-7a overexpression for *in vivo* tumorigenesis assay were established using the lentivirus transfection system as previously introduced with minor modifications.[@bib41] The ZFAS1 shRNA, miR-548e mimics, or let-7a mimics as well as their corresponding negative controls synthesized as introduced above were integrated into the GV113 lentivirus (HU6-MCS-CMV-RFP) provided by the Shanghai Genechem (Shanghai, China), which were used to infect the SKOV3/DDP cells with enhanced infection solution containing polybrene as instructed by the manufacturer. Cells with stable expression of target sequences were selected with puromycin (Sigma-Aldrich, St. Louis, MO, USA) for three successive weeks.

*In Vivo* Tumorigenesis Model {#sec4.12}
-----------------------------

The cell-line-based xenograft models were established for *in vivo* evaluation of the tumorigenesis and metastasis capacities of cancer cells as previously described with minor modifications.[@bib42] Six-week-old female BALB/c nude (nu/nu) mice were obtained from Shanghai SLAC Laboratory Animal Center (Shanghai, China), and they were bred and sustained under standard pathogen-free conditions. This animal experiment was approved by the Animal Care and Use Committee of the Affiliated Haikou Hospital of Xiangya Medical College, Central South University (Haikou, Hainan China).

For tumorigenesis evaluation, approximately 3 × 10^6^ SKOV3 cells in PBS solution after designated transfection and treatments were subcutaneously injected into mice, which were then sustained under standard conditions for 30 days, during which each mouse was orally given cisplatin (2 mg/kg per day). Subsequently, mice were euthanized and subcutaneously implanted tumors were excised, followed by volume and weight measurement. For metastasis analysis, approximately 3 × 10^6^ cells were injected into mice through tail-vein injection. After 30 days with oral cisplatin administration, mice were sacrificed, and the metastatic lung nodules were excised and analyzed. Cancer cell proliferation in tumor tissues were evaluated by Ki-67 expression using a Ki-67 cell proliferation kit (Sangon Biotech, Shanghai, China) following the manufacturer's instructions.

qRT-PCR {#sec4.13}
-------

Total RNA samples in cultured cells or tumor tissues were extracted using the Trizol reagent (Beyotime, Beijing, China) following the manufacturer's instructions. The cDNA was synthesized from 2-μg RNA samples using the miScript II RT kit (QIAGEN, Valencia, VA, USA) as instructed by the manufacturer. Fast SYBR green master mix (Thermo Fisher Scientific, Madison, WI, USA) was used to detect relative expressional levels through quantitative real-time PCR methods following the manufacturer's instructions. The expressional levels were finally calculated by the standard 2^−ΔΔCt^ method. GAPDH and U6 small nuclear RNA (U6 snRNA) were used as internal references for mRNA and miRNA, respectively. Primers for ZFAS1, miR-548a/e/az, CXCR4, and let-7a were purchased from Sangon Biotech (Shanghai, China).

Western Blotting Assay {#sec4.14}
----------------------

Total proteins were extracted from cultured cells using mammalian cell total protein lysis buffer (Sangon Biotech, Shanghai, China) following the manufacturer's instructions. After protein concentration quantitation using the BCA (bicinchoninic acid) protein assay kit (Sangon Biotech, Shanghai, China), proteins were separated by SDS-PAGE and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). Following blocking with 5% BSA solution for 2 h at room temperature, membranes with proteins were incubated with primary and secondary antibodies and finally developed with the Pierce enhanced chemiluminescence (ECL) western blotting substrates (Thermo Fisher Scientific, Madison, WI, USA). Primary antibodies used for western blotting were as follows: anti-E-cadherin (\#ab15148; Abcam), anti-N-cadherin (\#ab18203; Abcam, Cambridge, UK), anti-vimentin (\#5741; CST, Framingham, MA, USA), anti-MMP-2 (\#ab37150; Abcam), anti-Slug (\#ab27568; Abcam), anti-CXCR4 (\#97680; CST), anti-BCL-XL/S (\#ab32370; Abcam), and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase, \#5174; CST). Secondary antibodies targeting rabbit IgG (\#ab205718; Abcam) were used in this study. Relative protein levels were determined by band intensities quantitated with the ImageJ software and normalized to GAPDH levels.

Statistical Analysis {#sec4.15}
--------------------

The SPSS 20.0 software was used to analyze data obtained in this study from at least three biological replicates, which were presented as mean ± standard deviation (SD). Comparison between two groups was performed using Student's t test. Comparison among three or more groups was conducted using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. Spearman correlation analysis was performed to analyze the correlation between ZFAS1, miR-548a/e/az, CXCR4, and let-7a in OC tissues. It was considered to be statistically significant when the p value was less than 0.05.
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